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Extensive structural and magnetic analyses of Hf1−xCoxO2 thin films grown by molecular beam
epitaxy are reported. Nearly cobalt cluster-free film with x=0.04–0.1 was obtained via 100 °C
growth, and Co ions are inferred to be located at interstitial site. Ferromagnetic behavior was
observed up to 300 K in both magnetization curves and temperature dependence of the moment. Via
post-oxygen-annealing studies, a qualitative correlation between saturation magnetization and
oxygen vacancy concentration is established, consistent with the impurity-band exchange model,
and that the occurrence of ferromagnetic insulator behavior in the Co doped HfO2 is more probable
than Co doped ZnO, TiO2, and SnO2 systems for doping concentrations under cation percolation
threshold. © 2007 American Institute of Physics. DOI: 10.1063/1.2773746
Recently there has been great excitement in reporting
ferromagnetism with Curie temperature well above room
temperature in diluted magnetic oxides DMOs by incorpo-
rating several percent of transition metals TMs such as Cr,
Fe, and Co into electronic oxides such as ZnO, TiO2, and
SnO2 largely of a low band gap around 3 eV.1 To account for
the observed ferromagnetism, one appealing model is
F-center exchange mechanism, and the other explicit model
has to do with an impurity-band exchange.2,3 As for the me-
dium to high band gap 5 eV oxides with very low carrier
density, room temperature ferromagnetism is yet to be dem-
onstrated. Among them, HfO2 of a band gap of 5.5 eV is
widely known as a technologically important oxide and the
leading candidate of alternative high- dielectrics dielectric
constant 15 replacing SiO2 for next generation comple-
mentary metal-oxide semiconductor field-effect transistor
technology.4 However, recent reports of ferromagnetism in
the HfO2 system have been a subject of controversy. For
instance, the early detection of ferromagnetism in undoped
HfO2 thin films5 was later attributed to possible tweezer
contaminations.6 The anomalous enhancement of magnetic
moment in Co doped HfO2 film is yet to be reproduced by
any other groups due to problematic segregations of Co at
the surface during high temperature growth.7 The controver-
sial results thus called for in-depth systematic studies of this
highly disputed system.
Based on comprehensive magnetic analyses of
Hf1−xCoxO2 thin films prepared by molecular beam epitaxy
MBE, we here report the observation of room temperature
ferromagnetic behavior in cluster-free, Co doped HfO2 films
as extensively characterized by in situ x-ray photoelectron
spectroscopy XPS, x-ray diffraction XRD, high resolution
transmission electron microscopy HRTEM, and extended
x-ray absorption fine structure EXAFS.8 As determined by
EXAFS,8 uniformly Co doped HfO2 thin films were achieved
by 100 °C growth, whereas Co ions are inferred to be lo-
cated at interstitial sites with a 2+ valence state dispersed in
the HfO2 matrix, remaining stable upon 700 °C oxygen an-
nealing. The magnetization curve M-H and its temperature
dependence of the 700 °C grown films are consistent with
the superparamagnetic behavior, whereas 100 °C grown Co
cluster-free films showed ferromagnetic behavior up to
300 K. In all samples fully characterized, the magnetic mo-
ment of Co is much less than the bulk value, contradictory to
the enhancement effect.7 Subsequent oxygen annealing stud-
ies suggested a qualitative correlation between saturation
magnetization Ms and the oxygen vacancy concentration
VO.
Unlike earlier sample preparation methods,1 Hf1−xCoxO2
thin films in this work were deposited on yttria stabilized
zirconia YSZ 100 by MBE, where x=0.01, 0.02, 0.04,
and 0.2 in high temperature 700 °C growth, and with x
=0.047, 0.055, and 0.1 in low temperature 100 °C growth.
During MBE growth, the HfO2 ceramic pellets were used as
an e-beam source, thus producing bounded HfO2 molecules
arriving at the YSZ surface in codeposition with Co evapo-
rated from an effusion cell. Typical oxide growth rate is
0.4 nm/min with a total thickness of 110 nm. The Co con-
tent in the oxide film was determined by inductively coupled
plasma mass spectrometry. X-ray absorption measurement of
the Co K-edge EXAFS was performed in fluorescence mode
at National Synchrotron Radiation Research Center of Tai-
wan and National Synchrotron Light Source at Brookhaven
National Laboratory.9,10 Low temperature magnetization was
measured by a superconducting quantum interference device
magnetometer.
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To ensure that the Co ions are deposited in fully oxidized
state, we have adjusted the oxygen partial pressure P O2
during growth with in situ XPS to directly monitor chemical
bond states of Co dopants. After commencing the growth for
about 4 nm thick, the samples were transferred in situ from
the MBE growth chamber to the adjacent XPS chamber to
study the dependence of the Co valence state on P O2. The
XPS spectra of Co 2p peaks indicated the evolution of Co
atoms at the initial stage from the metallic state to the ionic
2+ valance state as P O2 is raised from 10−8 to 2
10−7 Torr during growth. The growth was then modified to
keep P O2 about 210−7 Torr to preclude the formation of
metallic Co.
To investigate the effect of growth temperature on film
microstructures, we have adopted two substrate tempera-
tures, 700 and 100 °C. In situ reflection high energy electron
diffraction RHEED patterns in conjunction with ex situ
XRD analysis indicated the 700 °C growth resulted in a
highly oriented crystal in monoclinic phase HfO2 002 with
its a and b axes mostly parallel to the YSZ in-plane axes.
Cross sectional HRTEM image in Fig. 1a clearly revealed
two adjacent clusterlike regions in diameter of 7 nm dis-
persed in the HfO2 matrix. For the 100 °C growth the ring-
shaped RHEED patterns and HRTEM images suggested an
ordered polycrystalline film with a sharp interface with the
substrate. No sign of cluster formation was detected in Fig.
1b.
The local structural information around the Co dopant
was extracted from experimental EXAFS data in Fig. 1c
using a well-established data reduction and curve-fitting pro-
cess, and demonstrated a crucial dependence on growth
temperature.8,10,11 A complete EXAFS analysis8 showed that
progressive formation of Co clusters was observed in 700 °C
growth and accompanied by interstitial doping of Co in
samples with x increasing from 0.01 to 0.2. Nearly cobalt
cluster-free films of x varying from 0.04 to 0.1 were obtained
via 100 °C growth. The Co ions are inferred to be located at
interstitial site, remaining stable under O2 annealing up to
700 °C.
The M-H loop for a typical 700 °C grown
Hf0.96Co0.04O2 thin film showed a Ms of about 0.4B /Co and
a drastic decrease in coercive field Hc from 560 Oe at
10 K to 40 Oe at 300 K. Field cooled FC curve of the x
=0.04 sample showed monotonic rise with decreasing tem-
perature at T30 K, and zero field cooled ZFC curve dis-
played a broad peak centered around 200 K. This tempera-
ture dependence was described by the Langevin function,
consistent with a superparamagnetic behavior arising from
the presence of Co clusters in the film, and suggesting that
the observed ferromagnetism is likely caused by the contri-
bution of Co clusters.12,13
The attainment of Co cluster-free Hf1−xCoxO2 films via
the 100 °C growth led to further magnetic measurements on
three such films with x=0.047, 0.055, and 0.1. Figure 2 and
inset i showed the M-H curves of the same film measured
at 10 and 300 K, displaying typical ferromagnetic behavior
at both temperatures.14,15 At 10 K Ms is 0.47B /Co at a satu-
rated field of 0.46 T with a Hc of 170 Oe, and at 300 K Ms
decreases to 0.44B /Co with a Hc of 50 Oe. The slight re-
duction of magnetic moment over the temperature measured
suggests a rather high Curie point about several hundred °C.
Figure 2 inset ii illustrated the ZFC-FC curves of the
Hf0.953Co0.047O2 film without signatures of a blocking tem-
perature TB in the ZFC curve, indicating the absence of
superparamagnetic behavior. A model combining both para-
magnetic and ferromagnetic components may account for the
initial decrease of magnetization from 10 to 30 K and re-
maining nonzero up to 300 K.16
Subsequent oxygen furnace anneals were performed on
the low-T films. In Fig. 3, a nearly 60% reduction in Ms at
10 K was observed for three samples after O2 annealing at
350 °C, likely ascribed to the decrease of VO in the film. In
addition, magnetic properties of the film after 700 °C O2
annealing remain largely unchanged, indicating that the local
structure around Co appeared to be stable once annealed in
O2 at 350 °C. With increasing x from 0.047 to 0.1, Ms
monotonically reduces from 0.47 to 0.14B /Co in Fig. 3 in-
FIG. 1. a and b are the cross sectional HRTEM images of 700 °C grown
and 100 °C grown Hf1−xCoxO2 films, respectively. c Fourier transform of
Co K-edge EXAFS  functions. Fine lines: experimental; course lines: the-
oretical. Curves have been shifted vertically for the sake of clarity.
FIG. 2. M-H curves of 100 °C grown Hf0.953Co0.047O2 thin film at 10 and
300 K. The inset i is the B-H loops at low field showing the decrease of
coercive field Hc with T. The inset ii is the ZFC-FC curves of 100 °C
grown film with x=4.7%. A field of 0.4 T was applied in FC process, and a
field of 200 Oe was used in warming up for both ZFC and FC cycles,
because the moment at 50 Oe is too small to obtain reliable data. The units
of inset i are the same as the major figure.
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set, similar to the Co concentration dependence previously
found in SnO2, TiO2, and ZnO.3 A qualitative correlation
between Ms and VO is thus established by the oxygen anneal-
ing studies, consistent with both the F-center exchange and
the impurity-band exchange models.2,3
Based on the impurity-band exchange model,3 the po-
laron percolation threshold p of HfO2 based DMO was
deduced to vary from 1.2710−6 to 8.1510−5 according to
3p4.3, where =	m /m* and  is the hydrogenetic or-
bital. These values are significantly is lower than those of
ZnO, TiO2, and SnO2 due to a relatively high 15 and a
rather low effective electron mass to electron mass ratio
m* /m, about 0.1–0.15 for amorphous HfO2 and 0.4 for
recrystallized HfO2 after 700 °C annealing.17 This implies
that the occurrence of ferromagnetic insulator behavior in the
TM doped HfO2 system is more likely than the widely stud-
ied TM doped ZnO, TiO2, and SnO2 systems according to
respective magnetic phase diagrams, provided that the dop-
ing concentration is under cation percolation threshold xp.3
Since the donor defects such as oxygen vacancy play the
essential role in the impurity-band exchange model, the re-
sulting ferromagnetism may be relatively insensitive to the
actual site location of Co magnetic ions interstitial versus
substitutional, in contrast to the case of carrier induced fer-
romagnetism in diluted magnetic semiconductors.
In conclusion, uniformly doping of Co2+ at interstitial
sites in HfO2 films without cluster formation was achieved
by low-T MBE. Typical ferromagnetic behavior was ob-
served up to 300 K in low-T grown films with magnetic
moment decreasing with Co doping concentration
4.7–10 at. % . For all HfO2 thin films studied, in the un-
doped case we did not detect signs of the so-called phantom
magnetism.5 For the Co doped HfO2 films nor did we ever
observe the anomalously enhanced magnetic moment in Co
doped HfO2 film.6 The qualitative correlation between Ms
and VO is consistent with both F-center exchange2 and
impurity-band exchange models.3 A striking finding is that
the occurrence of ferromagnetic insulator behavior of the TM
doped HfO2 system in the magnetic phase diagram is more
probable than the widely studied TM doped ZnO, TiO2, and
SnO2 systems. Our work thus has an interesting implication
for other dielectric oxides such as ZrO2, Y2O3, and Al2O3
with relative high band gap over 5 eV and yet to be explored
as potential DMO candidates.
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